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Abstract
Heavy metal resistance within cyanobacteria is often observed because cyanobacteria are
good indicators o f pollutants in the environment. Their ability to recognize the presence
o f many heavy metals makes cyanobacteria an important source o f study. Cadmium is
one o f the most toxic heavy metals. Cadmium inhibits spontaneous protein folding, binds
to sulphydryl groups (found in nucleic acids, proteins, and enzymes), and outcompetes
essential metals for important binding sites. The effects o f cadmium (CdCl2) on the
growth and coupled permeability o f Synechococcus sp. IU 625 was shown to inhibit Syn.

sp. IU 625 cells at CdCl2 concentration 30 mg/L and to possess low permeability to cells,
respectively. Zinc is one o f the essential metals involved within the domains o f many
enzymes, DNA binding proteins, and zinc-finger motif proteins. However, zinc is toxic
at high concentrations. The growth o f Syn. sp. IU 625 cells was shown to be inhibited at
zinc (ZnCl2) concentration 50 mg/L after 1st and 2nd passage studies were performed.
Zinc was shown to be permeable to Syn. sp. IU 625 cells at ~ 50% permeability.
Exopolysaccharides are polymeric carbohydrates that have been known to be produced as
a response to stress or toxicity. Exopolysaccharide production as a reaction to heavy
metals zinc (ZnCl2), cadmium (CdCl2), mercury (HgCl2), and copper (CuCl2) was
evaluated within Syn. sp. IU 625 cells and was shown to be specific to the type o f heavy
metal present. It will be important to evaluate a resistance mechanism to high zinc
concentrations by the actions o f a CPx-ATPase efflux pump (ZiaA-like protein) and its
regulator repressor (ZiaR-like protein) within cyanobacterium, Synechococcus sp. IU
625. A ZiaA-like protein and ZiaR-like protein were shown to be present within

Synechococcus sp. IU 625 genome and to possess high homology to closely related
species Synechococcus elongatus PCC 7942 and Synechococcus elongatus PCC 6301.
The quantitative expression o f a ZiaA-like protein was shown to be present within

Synechococcus sp. IU 625 as a function o f time and zinc concentration.
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Introduction

Cyanobacteria Background
Cyanobacteria, formerly blue-green algae, are classified archaebacteria and are
the only known prokaryotes to utilize oxygenic photosynthesis (Mulkidjanian et al.,
2006). These microorganisms are thought to have appeared approximately between 2.8
and 3.9 Giga Years Ago after the advent o f anoxygenic photosynthetic bacteria (Olson
2006). The oxygen rich atmosphere today is thought to have resulted largely by the
presence o f cyanobacteria because: cyanobacteria produce significant amounts o f oxygen
and the atmosphere and oceanic system o f the Precambrian Era was not fully oxygenic
(largely due to reactions with Iron) (Klein and Beukes, 1992). Because o f their ancient
genealogy, cyanobacteria are observed to be successful in a diverse range o f modem
habitats (Whitton and Potts 2000). Moreover, many cyanobacteria possess tolerance to
low oxygen conditions and some species can utilize H2S as a H2 donor besides H20
(Cohen et al., 1975). Certain cyanobacteria can sometimes fix atmospheric nitrogen
through the use o f specialized cells, heterocysts (Prescott et al., 2005). Others can grow
as chemoheterotrophs in the dark by oxidizing glucose and some miscellaneous sugars
(Prescott et al., 2005). These observed features may lend credence to the observation that
early Precambrian Era environments were low in 0 2 levels and relatively high in
inorganic compounds and molecules. Thus, cyanobacteria resistant mechanisms may be
based on a function o f evolutionary history.
Cyanobacteria are morphologically diverse and may present as unicellular,
filamentous, colony forming, or specialized in structure. Some species o f cyanobacteria
may form akinetes as a means to cope with detrimental conditions and many form
hormogonia to assist with dispersal and interspecies communicative dynamics
(Desikachary 1959; Tandeau de Marsac 1994). As well as being morphologically
diverse, cyanobacteria reproduce through different means: binary fission, budding,
fragmentation, and multiple fission.
The photosynthetic system o f cyanobacteria has been observed to contain
chlorophyll a and phycobiliproteins as well as the photosynthesis mechanism,
Photosystem II (like eukaryotic red algae) (Prescott et al., 2005). Oscillatoris limnetica,
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in turn, oxidizes H2S instead o f water to carry out anoxygenic photosynthesis (Prescott et
al., 2005).
It is the conglomeration o f all o f the present data that gives rise to the theory that
an ancient cyanobacterium was the ancestral form o f modem day chloroplasts. This
observation in turn leads to the wider theory o f endosymbiosis (Carr 1999).
Algal water blooms (formed by large colonies o f cyanobacteria) can be toxic to
the local fauna that come into contact with them because o f the potential production o f a
smorgasbord o f cyanotoxins (Carmichael 1994a). Such toxins interactions are still poorly
understood but it has been observed that contact with cyanotoxins can lead to certain
illnesses and deaths in animals and humans. One study observed the potential role of
such toxins as possible tumour promoters (Falconer 1991) and a recent study suggests
that high rate exposure to cyanobacteria toxins can possibly promote Amyotrophic
Lateral Sclerosis (Lou Gehrig's disease) (retrieved from
http ://en. wikipedia. org/wiki/Cyanobacteria).

Synechococcus sp. IU 625, formerly Anacystis nidulans, is a unicellular nonmotile bacillus shaped cyanobacterium that is approximately 1pm in length. Its genome
size is approximately 2.5 x 103 kb and is observed to be one o f the cyanobacteria
responsible for algal water blooms (Chen et al., 2000). Closely related species

Synechococcus elongatus PCC 7942 and Synechococcus elongatus PCC 6301 have been
used in many past studies to observe the dynamics o f metal resistance mechanisms and
genealogical homology. However, Synechococcus sp. IU 625 is rarely found in the
literature and within past studies. Lee et al., 1992 -2002 have studied the effects o f
certain heavy metals on the growth o f Synechococcus sp. IU 625 because it is a good
indicator o f environmental pollutants. Possible heavy metal toxin uptake mechanisms
within Synechococcus sp. IU 625 and related cyanobacteria can possibly lead to
bioremediation.
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Synechococcus sp. IU 625 Contrast Phase Microscope image (Dr. Sean Murray,
California State University, Northridge) (Image 1)

Exopolysaccharides

Exopolysaccharides (exopolymers) are polymeric carbohydrates that may be
released from glycocalyx layers, plasma membranes, or external membrane complexes
depending on their system o f origin and dynamic organization (Choueri et a l, 2007).
Exopolysaccharides were observed to carry copper within the aquatic food webs o f

Anabaena spiroides (Nogueira et al., 2005). The production o f exopolysaccharides may
be a defensive mechanism utilized by many algae, fungi, and bacteria to survive toxic
conditions and even stressful environments (Gadd, 2004). It has been observed that
exopolymers can bind metallic ions into complexes that may render the ions stable or
immobile (Chen et al., 1995b).
It has been observed that exopolysaccharides (along with proteins and
lipopolysaccharides) make up the majority o f outer-cellular membranes within certain
cyanobacteria (Woitzik et al., 1988). One specific polysaccharide was found to consist of
fiicose, mannose, galactose, and glucose and was found to be bound to Synechococcus sp.
PCC 6307’s peptidoglycan layer (Woitzik et al., 1988). Negatively charged function
groups within these exopolysaccharides, such as galacturonic acids, glucuronic acids,
gluconic acids, and uronic acids, may account for the strong binding o f metals within
cyanobacterial communities (Bender et al., 1995). As such, exopolysaccharides are also
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involved in the cyanobacteria’s or bacterias attachment mechanisms (Marshall et al.,
1971).
Bacterial biofilms are multi-component organic structures that are oftentimes
formed for the purpose o f interacting with extracellular substances. Exopolysaccharides
are an important component o f such biofilms and have been shown to facilitate nutrient,
water retention, cell-cell signaling, and to bind to certain metals within such macro
structures (Priester et al., 2006).
Different exopolysaccharides may possess given abilities to chelate certain heavy
metals and are dependent on the type o f microbe that they originate from (Loaec et al.,
1997) .

Heavy M etals Zinc and Cadmium Function and Toxicity

Zinc is a very important heavy metal. While it isn’t able to participate in
reduction-oxidation reactions (under biology conditions), it may act as a Lewis base to
activate water or complex with polypeptide chains under non-redox conditions (Coleman
1998) . Zinc is commonly found as part o f many enzymes and DNA-binding proteins,
such as zinc-finger motif based proteins (Chou et al., 1998).
Zinc readily combines with nonmetal elements due to its electropositive state and
resists corrosion due to its oxide combination (Krebs 2006). It is commonly found as
ZnSCL, ZnS, and ZnCC>3 and must usually be refined from such compounds.
As an essential metal, Zinc deficiency usually leads to the physical and mental
retardation o f higher level organisms and to the incongruity o f protein integrity and
pathways within microorganisms.
At high concentrations, Zinc is observed to be toxic, leading to the inhibition of
the respiratory electron transport system within many bacteria and to inhibitory effects
against other metal complementation systems (Choudhury and Srivastava 2001).
The non-specific uptake o f zinc is thought to be largely mediated by magnesium
(Mg2+) transport complexes (Nies & Silver 1989a). Such examples o f unspecific Zn2+
transporters are: the CorAMIT transport systems, the less commonly found MgtE
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transport family, and the MgtA P-type ATPase systems (MacDiarmid & Gardner 1998;
Smith et al., 1995; Snavely et al., 1989a; Townsend et al., 1995).
P-type efflux ATPases and RND-driven transporters are considered to be the main
active zinc detoxification or resistance mechanisms in many bacteria (Nies 1999).
ZiaA P-type ATPase is an example o f a zinc specific P-type ATPase found within

Synechocystis (Thelwell et al., 1998). It is a zinc binding efflux pump that is specifically
regulated by the zinc responsive repressor ZiaR as a means for immediate zinc expulsion
into the periplasm o f the cell (Choudhury and Srivastava 2001).
C Zinc

Zrr

Zn2

Zn2*Zn2+

Nies 1999 Zinc Specific Pumps (Figure A)

Cadmium is considered to be one o f the most toxic heavy metals; its uptake may
result in the cellular physiological disorders found within the characteristics o f heavy
metal poisoning.
Cadmium was discovered in 1817 by German chemist, Friedrich Strohmeyer. Its
three naturally occurring radioactive isotopes (Cd-106, Cd-113, and Cd-116) are 2
million years older than our 4.5 billion years old solar system (Krebs 2006). It possesses
similar electron d shells to zinc and mercury and is found in group 12 o f the periodic
table alongside these other heavy metals (Krebs 2006).
Cadmium is a transition heavy metal whose density is 8.65 g/cm3 and whose d
orbital level is incompletely filled. Cadmium’s divalent state is more unstable than zinc’s
and causes it to experience reduction-oxidation changes as well as to be more reactive to
sulphur ligands and nitrogen donors (Brzoska & Moniuszko-Jakoniuk 2001; Jacobson &
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Turner 1980). Because o f this, it has been surmised that many zinc uptake and regulatory
mechanisms can be influenced by the presence o f cadmium. And because zinc is
involved in the control o f many enzyme activities connected to replication, transcription,
and translation, deleterious effects can occur upon its displacement (Brzoska &
Moniuszko-Jakoniuk 2001).
Cadmium’s effects include the inhibition o f spontaneous protein folding and
refolding, leading to possible aggregates o f secondary protein structures (Sharma et al.,
2008). One example, zinc-binding domains, interact with and are more dramatically
affected by cadmium during their folding dynamics (Sharma et al., 2008). This
interaction may resemble a substitution and has been observed to affect biological
complexes that possess sulphydryl groups (-SH) - such as nucleic acids, proteins,
enzymes - and that natively possess metal ions such as Zn2+, Cu2+, and Ca2' (Jacobson
and Turner 1980).
Moreover, the toxicity o f cadmium and high concentrations o f other heavy metals
may also be directly correlated to the non-specific uptake systems found within most
cells. These uptake systems possess non-specific transporters that are driven by chemical
osmotic gradients which do not differentiate between types o f heavy metal ions (Nies &
Silver 1995).

Heavy M etal Resistance

Heavy metal resistance most likely resulted as adaptive strategies to deal with
non-degradable heavy metal ions (Nies 1999).
Active efflux, protein-complementation via thiol-present molecules, and
detoxification by reduction are three common resistance yielding mechanisms (Nies &
Silver 1995).
In the case o f reduction, the heavy metal’s redox potential must fall within -421
mV and +808 mV (physiological redox for most aerobic cells) (Weast 1984). Zinc’s
potential is -1180 mV and cadmium’s potential is -824 mV (Nies 1999). Thus, some
active efflux or complementation system must exist to detoxify a given non-reductive
heavy metal and confer some resistance characteristics (Nies 1999).
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Moreover, essential metals and toxic metal ions encounter controlled movement
mechanisms, depending on their role (or lack thereof) within the cell (Silver 1996).
Oftentimes, a toxic metal to essential metal interaction involves a detrimental effect on
some metabolic intracellular function (i.eg. cadmium’s interaction with zinc and iron may
cause nephrotoxicity in higher organisms) (Goyer 1997). As such, certain protein
families may have arisen to assist the microbe or organism in an additional resistance
mechanism. One example, metallothionein, is a low molecular weight protein that
complements with essential metal zinc and may also complement with cadmium to
nullify or excrete a present toxic element (Sato & Nagai 1989). Another example is the
different ATPase families o f proteins.
ATPases are active transporters o f heavy metals that make up a large percent of
the active efflux resistance mechanisms. This large family o f cation-transporting
membrane proteins has been found in both gram negative and gram positive bacteria, and
has been observed to export purely toxic heavy metals (Hg2+, Cd2+, Pb2+, Cu2+, etc.) or
concentration dependant toxic metals (Zn2+) (Hantke 2001). Most P-type ATPases
contain six membrane spanning regions which include a conserved Cys-Pro-Cys region,
an aspartyl kinase domain, and a phosphatase domain (Silver & Phung 1996). ATP
phosphorylates these types o f proteins and yields phospho-intermediates (Silver & Phung
1996).
The use of specific ATPases for efflux or uptake depends on the microorganism
and its intrinsic characteristics. Since a majority o f P-type ATPases and A-type ATPases
transport a given heavy metal across the cytoplasm membrane, it may be surmised that
other systems o f heavy metal transport are active (either specifically or non-specifically)
(Nies 1999).
Plasmids account for a major portion o f resistance systems within many bacteria,
but frequently, chromosomal resistance genes are determined for specific heavy metals
(Silver & Phung 1996). These resistance genes, very much like antibiotic resistance
genes, give certain bacteria a selective advantage over other microorganisms (Ron et al.,
1992).
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Research Proposal

The objectives o f this thesis are:

I.

To study the effects of zinc and cadmium on the growth of Synechococcus sp.
IU 625.
Past studies have observed the effects o f heavy metals (Al, Hg, Mn, Pb, Zn, Cd)

on the growth o f Syn. sp. IU 625 and miscellaneous cyanobacteria species. Cultures of

Syn. sp. IU 625 will be grown in the presence o f varying zinc chloride concentrations and
cadmium chloride concentrations to evaluate growth parameters. Zinc and cadmium
oftentimes compete within reactions, and the comparison o f their growth effects within

Syn. sp. IU 625 is o f interest.
n.

To isolate and study a resistant strain of Synechococcus sp. IU 625.
The growth kinetics o f 2nd passaged Syn. sp. IU 625 cells will be studied to

ascertain any possible resistant mechanism to heavy metals zinc and cadmium
ITT.

To study the effects of zinc, cadmium, mercury, and copper on the
exopolysaccharide production of Synechococcus sp. IU 625.
Many bacteria and cyanobacteria produce exopolysaccharides as a reaction to

stress and toxic agents. Cultures o f Syn. sp. IU 625 will be grown in the presence o f
varying zinc chloride, cadmium chloride, mercuric chloride, and cupric chloride
concentrations to evaluate relative production o f exopolysaccharides.
IV.

To evaluate a possible molecular mechanism o f zinc resistance in

Synechococcus sp. IU 625.
a. Presence of zinc-binding resistance protein within Synechococcus sp. IU
625 and correlation of zinc-responsive repressor protein to other

,

Synechococcus Synechococcus elongatus PCC 6301 and Synechococcus
elongatus PCC 7942.
Past studies have observed the role o f CPx-ATPase, ZiaA, in the specific efflux o f
excess zinc within Synechocystis PCC 6803 and Oscillatoria brevis. However, it is not
well known if this zinc-binding ATPase is conserved in most cyanobacteria and if it is
related to the metallothioneins. Therefore, one o f the major goals o f this study is to
8

determine the presence o f a putative zinc-binding oxido-reductase P-type ATPase (ZiaA)
within Synechococcus sp. IU 625 and to determine the relationship o f documented zincresponsive repressor (ZiaR) to other known Synechococcus.
b. To analyze DNA levels and RNA expression of zinc resistance gene, ZiaA.
Quantitative real-time polymerase chain reaction (QRTPCR) will be performed
on short-term samples o f Synechococcus sp. IU 625 (treated with zinc chloride) to
determine the time frame when zinc resistance gene, ZiaA, products have begun to be
produced. Preliminary experiments will focus on analyzing the DNA levels o f plasmid
and chromosomal based genes. The expression levels o f zinc resistance gene, ZiaA, will
be studied afterwards.

9

Materials and Methods

Svnechococcus sp. IU 625 cultures and Growth Parameters

Synechococcus sp. IU 625 cell cultures were obtained from the American Type
Culture Collection, Manassas, VA (ATCC No. 27344). These cells were grown to a
concentration o f 1 x 106 cells/mL and then inoculated aseptically into three 250mL
Erlenmeyer flasks for cell stock aliquots. 95mL sterile M auro’s Modified Medium (3M
media) (pH adjusted to 7.9 with 1M NaOH) was mixed with 5mL o f cells (Kratz and
Meyers 1955). 3M media contents are listed in Appendix A. The cell cultures were
grown within an Innova™ 4340 incubator (New Brunswick Scientific, Edison, NJ) at a
constant temperature o f 30°C with constant fluorescent white light and a constant
agitation o f lOOrpm. A direct cell count by hemacytometer and a turbidity study using a
Spectronic GENESYS 20, O.D. 750nm, was used to observe cell growth.

Heavy M etals Solutions Preparation

I.

A stock solution o f 1% (104 mg/L) zinc chloride (ZnCh) was prepared with
triple deionized water within a sterile 50mL centrifuge tube (Coming
Premium Quality) and covered with aluminum foil to prevent interaction with
ambient light.
A stock solution of 1% (104 mg/L) cadmium chloride (CdCk) was prepared
with triple deionized water within a sterile 50mL centrifuge tube (Coming
Premium Quality) and covered with aluminum foil to prevent interaction with
ambient light.

Heavy M etal Introduction into Svnechococcus sp. IU 625 cell cultures

I.

5mL o f Synechococcus sp. IU 625 cells (approximate concentration o f 1 x 106
cells/mL) were aseptically inoculated into 8 sterile 250mL Erlenmeyer flasks
containing 95mL o f sterile 3M media.
10

a. Z11CI2
Four o f the eight sterile 250mL Erlenmeyer flasks were inoculated with a
zinc chloride concentrations o f Omg/L (control), lOmg/L, 25mg/L, and
50mg/L. No zinc chloride was added to the control. A direct cell count
by hemacytometer and a turbidity study using a Spectronic GENES YS 20,
O.D. 750nm, was used to observe cell growth over 14 days.
b. CdCl2
The remaining four of the original eight sterile 250mL Erlenmeyer flasks
were inoculated with a cadmium chloride concentrations o f Omg/L
(control), 5mg/L, 15mg/L, and 30mg/L. No cadmium chloride was added
to the control. A direct cell count by hemacytometer and a turbidity study
using a Spectronic GENESYS 20, O.D. 750nm, was used to observe cell
growth over 14 days.

Resistant Svnechococcus sp. IU 625 cultures and Growth Parameters

I.

5mL o f heavy metal ‘tolerant’ (passaged initially in heavy metal)

Synechococcus sp. IU 625 cells were aseptically inoculated into 8 sterile
250mL Erlenmeyer flasks containing 95mL o f sterile 3M media
a. ZnCl2
Four o f the eight sterile 250mL Erlenmeyer flasks were inoculated with a
zinc chloride concentrations o f Omg/L (control), 1Omg/L, 25mg/L, and
5Omg/L. No zinc chloride was added to the control. A direct cell count
by hemacytometer and a turbidity study using a Spectronic GENESYS 20,
O.D. 750nm, was used to observe cell growth over 14 days.
b. CdCl2
The remaining four o f the original eight sterile 250mL Erlenmeyer flasks
were inoculated with a cadmium chloride concentrations o f Omg/L
(control), 5mg/L, 15mg/L, and 30mg/L. No cadmium chloride was added
to the control. A direct cell count by hemacytometer and a turbidity study
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using a Spectronic GENESYS 20, O.D. 750nm, was used to observe cell
growth over 14 days.

Contrast Microscopy Observation

Synechococcus sp. IU 625 cells treated with concentrations o f ZnCb (0, 30,
40mg/L) were grown for 14 days as per the growth parameters described above. Aliquots
o f lm L were collected in microcentrifuge tubes on days 2, 5, 9, 12, and 14. The cells
were immediately centrifuged for 1 minute, supernatants were discarded, and the cells
were fixed by using a 30mM sodium phosphate buffer (pH 7.5) solution and 2.5%
formaldehyde. The cell morphologies were observed with a Zeiss Axiovision microscope
using differential interference contrast settings. The DNA was detected via DAPI (4'6diamidino-2-phenylindole) fluorescence. Finally, fixed cells were incubated with
2pg/mL DAPI for 10 minutes in the dark and aliquoted onto a 1% agarose pad.

Rao and Pattabiraman Assay: Exopolysaccharide Production Determination

Synechococcus sp. IU 625 culture cells were treated with four specific heavy
metals: ZnCh (0 mg/L, 10 mg/L, 25 mg/L, 50 mg/L), CdCb (0 mg/L, 5 mg/L, 15 mg/L,
30 mg/L), HgCE (0 mg/L, 0.1 mg/L, 0.5 mg/L, 1 mg/L), and CuCh (0 mg/L, 5 mg/L, 10
mg/L, 15 mg/L) as per the growth parameters described above. lmL o f Syn. sp. IU 625
sample was collected on days 1,3, and 8 for each heavy metal concentration and was
mixed with 500pL 45% glycerol. Each specific sample was then immediately heated to
100°C in a water bath for 20 minutes to extract exopolysaccharides as per Rao and
Pattabiraman 1989. The Syn. sp. IU 625 cell samples were then separated from the media
by centrifugation at 9,000rpm at 4°C for 30 minutes. The supernatants were transferred
to sterile 15mL Tornado tubes and the cell pellets were dried and weighed in mg. An
equal volume o f 100% ethanol (EtOH) was added to the supernatants and mixed well to
precipitate the exopolysaccharides.
The ethanol-supernatant mixtures were then centrifuged at 10,000rpm for 30
minutes to acquire exopolysaccharide precipitates. The ethanol supernatants were
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discarded and lm L o f sterile deionized H20 was then mixed with the precipitates. These
precipitate mixtures were then transferred into 16 x 150mm glass test tubes. 3mL o f
100% sulfuric acid (H2SO4) UN 1830 (Fisher scientific) was then added in a steady
stream to each aqueous solution. The resulting mixture was mixed quickly (with
maximum reaction temperature occurring for 1 minute) and then cooled to room
temperature (25°C) in a water bath. 50pL o f 90% UltraPure phenol (Life Technologies
Inc., Gaithersburg, MD) was then added to each test tube and mixed thoroughly. The test
tubes were allowed to stand at ambient room temperature for 1 hour. The absorbance for
each sample was read at 480nm using a GENESYS Spectrophotometer 20 and a glucose
standard curve was used to calculate exopolysaccharide equivalents. The glucose
standard was derived from glucose standard reagent (100 nmol/pL) (BioVision
MountainView, CA Glucose Assay Kit) at 480 nm.

Glucose Colorimetric Assay: Exopolysaccharide Production Determination

Synechococcus sp. IU 625 culture cells were treated with four specific heavy
metals: ZnCl2 (0 mg/L, 10 mg/L, 25 mg/L, 50 mg/L), CdCl2 (0 mg/L, 5 mg/L, 15 mg/L,
30 mg/L), HgCl2 (0 mg/L, 0.1 mg/L, 0.5 mg/L, 1 mg/L), and CuCl2 (0 mg/L, 5 mg/L, 10
mg/L, 15 mg/L) as per the growth parameters described above. lmL o f Syn. sp. IU 625
sample was collected on days 1, 7/8, and 13/15/16 for each heavy metal concentration
and was mixed with 500pL 45% glycerol. Each specific sample was then immediately
heated to 100°C in a water bath for 20 minutes to extract exopolysaccharides as per Rao
and Pattabiraman 1989. The Syn. sp. IU 625 cell samples were then separated from the
media by centrifugation at 9,000rpm at 4°C for 30 minutes. The supernatants were
transferred to sterile 15mL Tornado tubes and the cell pellets were dried and weighed in
mg. An equal volume o f 100% ethanol (EtOH) was added to the supernatants and mixed
well to precipitate the exopolysaccharides.
The ethanol-supernatant mixtures were then centrifuged at 10,000rpm for 30
minutes to acquire exopolysaccharide precipitates. The ethanol supernatants were
discarded and lm L o f sterile deionized H20 was then mixed with the precipitates.
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A Costar 3596 96-well Cell Culture Cluster Plate (Coming Inc., Coming NY) was
used to prepare standards, negative controls, and 15pL samples for the glucose
colorimetric assay as per the Glucose Assay Protocol specifications (BioVision Mountain
View, CA).
The 96-well Plate was read at 570nm in a Vmax Kinetic Microplate Reader
(Molecular Devices, Inc. Sunnyvale, CA)

Molecular Analysis o f Heavy M etal Zinc Resistance within Synechococcus sp. IU 625

I.

Synechococcus sp. IU 625 Plasmid Isolation Using the QIAGEN
QIAprep®Spin Miniprep K it (Cat. No. 27106) and a Microcentrifuge with
Some Modifications

Four lmL aliquots o f 1st passaged Synechococcus sp. IU 625 cells (with an optical
density o f 1) were inoculated into four sterile 1.5mL microcentrifuge tubes and
centrifuged at 14,000 rpm for 5 minutes in an eppendorf 5415C Centrifuge (Brinkmann
Instmments, Westbury, NY). The supernatants were discarded and the samples were
pulsed centrifuged to remove excess supernatant with a micropipette. The pelleted cells
were resuspended in 250pL o f P I Buffer and transferred into sterile 1.5mL
microcentrifuge tubes. 250|nL o f P2 Buffer was then added to the samples and mixed by
gently inverting six times. 350pL o f N3 Buffer was then added and the samples were
mixed by inverting. The samples were centrifuged for 10 minutes at 13,000rpm and the
supernatants were transferred to the QIAprep® spin columns without disturbing the
pellet. The samples were then centrifuged for 1 minute at 13,000rpm and the flow
through was discarded. The preceding step was repeated until all o f the supernatant was
used. The spin columns were washed by adding 750pL o f PE Buffer and centrifuging for
1 minute at 13,000rpm. Once again, the flow-through was discarded and the samples
were centrifuged for 1 minute to remove excess buffer. The QIAprep® spin columns
were then transferred to sterile 1.5mL microcentrifuge tubes and 40 pL sterile diFEO (pH
7.0-8.5) was added to the spin columns’ center and left to stand for 1 minute. The
purpose of this preceding step was to allow absorption for DNA elution and the use o f
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water over EB Buffer was to justify any intrinsic aberrations that this buffer may have
during a PCR process. DNA concentration was dependant on the amount o f water (less
water is equal to a greater DNA concentration). The samples were centrifuged for 1
minute at 13,000rpm. The samples were then stored at -20°C or -80°C for future analysis
by Agarose gel electrophoresis, polymerase chain reaction (PCR), and Real-Time
polymerase chain reaction (QPCR).

n.

Svnechococcus sp. IU 625 DNA Extraction Using the InstaGene™ Matrix
(Bio-Rad, Cat. No. 732-6030)

500pL o f Synechococcus sp. IU 625 culture cells (optical density o f 1) were
aliquoted into sterile 1.5mL microcentrifuge tubes and centrifuged for 3 minutes at
1 l,000rpm in an eppendorf 5415 C centrifuge. The supernatants were removed and the
cell pellets were resuspended in 200pL o f InstaGene™ Matrix. The samples were then
incubated at 56°C for 30 minutes and vortexed every 10 minutes for 5 seconds. The
samples were vortexed again after the allotted time elapsed. Afterwards, the samples
were placed in a heat block dry bath at 100°C for 8 minutes and then vortexed for 10
seconds and centrifuged at 1 l,000rpm for 3 minutes. These samples were then stored at 20°C for polymerase chain reaction and sequencing.

III.

Polmerase Chain Reaction fo r Exploration o f Zinc Resistance

DNA samples were used in polymerase chain reaction to determine if zinc
resistance was present. 12.5pL o f the HotStarTaq Mastermix (QIAGEN, Cat. No.
203443) was initially pipette into a sterile 0.2 flat cap PCR reaction tube with 9.5pL o f
sterile diHhO, lp L Forward Primer, lp L Reverse Primer, and lp L DNA sample. This
yielded a total volume of 25 pL. These PCR reaction tubes were placed within a Veriti™
96-Well Thermocycler (Applied Biosystems, FosterCity, CA). The PCR specifications
used were: Initial denaturation at 95°C for 2 minutes to activate the HotStarTaq DNA
Polymerase, 30 cycles o f denaturation at 95°C for 1 minute, primer annealing at 62°C for
1 minute, and extension at 72°C for 1 minute. After the 30 cycles, the PCR reaction
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tubes were allowed to undergo a final extension at 72°C for 10 minutes. The
thermalcycler was allowed to cool down to 4°C prior to the PCR products’ placement
into a -20°C freezer. These PCR products were ready for future analysis via Agarose gel
electrophoresis or for DNA sequencing.

Primer Design fo r Polymerase Chain Reaction

IV.

The plasmid-specific primers Zn and ZnR_ were designed based on the published
sequences of the chromosomes o f Synechococcus elongatus PCC 7942 and

Synechococcus elongatus PCC 6301, respectively. The Zn primers were ZnFi —>5AC AACGCTGCTT G AAGCT GAT GAC-3; ZnF2-> 5'TTGGCTAACTGGATTGCCAAGTGC-3; ZnF3-+ 5'-TATCGAAGGCTGATGAC-3' for
the forward primers and ZnRi —*5-AACGGTGTTAATCCATGCTGGTGC-3; ZnR2-+ 5'GCCAAGTTCACGATTACGCACGTT-3 for the reverse primers. Note that ZnF3 was
mixed with ZnR2 for third PCR reaction (ZnFi- ZnRi : ZnF2- ZnR2 : ZnF3- ZnR2). The
ZnR_ primers were ZnR_Fi~*5'-AAGCATTCTTGGGCATGACAGAGC-3'; Z n R F 2-* 5CCAGCCGATTTCTGCCTAAGGTG-3; ZnR F3—5'AAATTCGGCTAGCGATTGGGCAAC-3 for the forward primers and Z n R R i—>5CCCAGGCAATTGGTGTTTCCGAAT-3'; ZnR_R2^ 5'TGCAGTAGTACAGACCGTTGCGAT-3 for the reverse primers. Note that ZnR_F3
was mixed with ZnR_R2 for a third PCR reaction (ZnR Fi- ZnR Ri : ZnR_F2- ZnR_R2 :
ZnR F3- ZnR_R2). A list of all the primers used in the PCR protocol may be found
within Table A.
Table A: Primer Design for PCR
Nucleotide Sequence (5'-3')
Prim ers
Zn

ZnFj — 5'A C A A C G C TG C TT G A A G C TG A T G A C -3
Z nR ,— y -A A C G G TG TT A A TC C A TG C TG G T G C 3'

ZnI-2— 5'-ITG G C T A A C T(' jG A 1T G C C A A G T G C -

Source
S. elon gatu s PCC
7 942
C hrom osom e 1 o f
S. elon gatu s

Accession
No.

Amplicon

Y P_399235.1

1017 bp

CC

CC

CC

CC

y

ZnR î— 5 -GCC A A G T T C ACG A TT ACGC A C G T T 3'

ZnF3— 5 -T A TC G A A G G C TG A TG AC -3
ZnR î— 5 -GCC A A G TT C ACG A TT ACGC A C G TT 3'
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ZnR_

ZnR F i—>5'A A G C A T TC T TG G G C A TG A C A G A G C -3

S. elon gatu s PCC
6301 genom e

Y P _ 1 7 0 9 7 2 .1

369 bp

ZnR R ,- * yCCC AGGC AATTG G TG TT TC C G A A T -3
ZnR F2^ 5'C C A G C C G A T TT C TG C C T A A G G TG -3
ZnR R 2- * 5'TG C A G T A G T A C A G A C C G T TG C G A T -3
ZnR’ F3- > 5A A A T TC G G C T AG CG ATTG G G C A A C -3

44

44

u

44

ZnR R2- > 5'TGC A G T A G T A C A G A C C G T TG C G A T -3

V.

Agarose Gel Electrophoresis Analysis fo r Miniprep DNA samples and
PCR Products

The Miniprep DNA samples and related PCR products were viewed on 1%
agarose gels. The gels were made by weighing 1.4g agarose (USB corporation, Cat. No.
32802) and mixing it with 140mL IX TAE (Tris-Acetate-EDTA) buffer in a 250mL
Erlenmeyer flask. This Erlenmeyer flask was covered with two Kimwipes® and heated
in sets o f 30 seconds until the agarose dissolved. The mixture was allowed to cool for 1
minute before 4pL of Ethidium Bromide was pipetted in and allowed to dissolve. A gel
comb was situated into each gel rig prior to the pouring o f the agarose mixture. The
mixture was then poured into the two gel apparatus (70mL/gel rig) and allowed to
solidify (~25 minutes). Then, the samples were loaded for their distinct wells using 14pL
DNA samples + 2pL IX Dye and 14pL Hi-Low Marker was loaded for well 1. One gel
was run using the three ZnCL concentrations Miniprep DNA (10, 25, 50mg/L) and the
other gel was run using the Miniprep PCR products for ZnCE concentration (50mg/L).
The gels were run at approximately 120V for 50 minutes, depending on the lengths o f the
DNA fragments. The resulting gels were imaged and analyzed under UV light using a
Kodak Image Station 440CF (Perkin Elmer Life Sciences, Waltham, MA).

VI.

Sequencing Analysis o f DNA Extract PCR Samples

a. The Sequencing Procedure incorporated the formula (volume Big Dye
Terminator) * (Concentration Big Dye Terminator) + (Volume 5X
Buffer) * (Concentration 5X Buffer) to perform a 1/16X reaction. This
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resulted in (0.5pL)*(2.5) + (3.75pL)*(5). The master mix used for 1 tube
was 0.5pL Big Dye Terminator, 3.75pL 5X Sequencing Buffer, lp L
Primer (Forward or Reverse), 2pL PCR product, and 12.75pL diH20.
b. Polymerase Chain Reaction was performed accounting for the PCR
Sequence Mix reaction tubes. These mixtures were placed within a
Veriti™ 96-Well Thermocycler (Applied Biosystems, FosterCity, CA).
The PCR specifications used were: Initial dénaturation at 96°C for 1
minutes to activate the Big Dye DNA Polymerase, 25 cycles o f
dénaturation at 96°C for 10 seconds, primer annealing at 50°C for 5
seconds, and extension at 60°C for 4 minute. After the 25 cycles, the PCR
Sequence Mix reaction tubes were allowed to cool down to 4°C.
c. Ethanol Precipitation
64 pL of 100% Ethanol was allowed to warm up to room temperature and
mixed with 16pL sterile diH20 before it was mixed with the 20pL PCR
Sequence Mix Products. The resulting mixtures were then transferred to
sterile 1.5mL eppendorf tubes and allowed to sit at room temperature for
15 minutes. The eppendorf tubes were centrifuged for 20 minutes at
14,000rpm, the supernatants were completely discarded, and 250pL room
temperature 75% Ethanol was gently added on sides o f tubes. The
eppendorf tubes were then centrifuged for 10 minutes at 14,000rpm and
the supernatants were completely discarded. A sterile cotton swab was
then used to carefully remove any excess fluid on inside o f tubes (without
touching the bottom). 40 pL Formamide was then added to each tube to
break DNA double strands. The eppendorf tubes were placed in a water
bath at 95°C for 2 minutes and then were place on ice for 2 minutes to
slow reaction process. The samples were then loaded onto a 3130
GENETIC ANALYZER sequencer (Applied Biosystems, Carlsbad, CA)

W.

RNA Purification Using RiboPure™ -Bacteria K it (Applied Biosystems
No. A M I925)

18

Synechococcus sp. IU 625 culture cells treated with ZnCh concentrations (0, 10,
25, 50mg/L) were collected via a short-term study at 0, 0.5, 1, 2, 4, 8, 24, 48, and 72
hours post inoculations in 1.5mL eppendorf tubes. The samples were centrifuged at
14,000rpm for 60 seconds and the supernatants were removed. Per sample, 250pL o f icecold Zirconia Beads were placed into 0.5mL screw cap tubes. 350pL RNAwiz was
added to the cell pellets and the cells were resuspended by vortexing vigorously for 15
seconds. These cells were then transferred to the tubes containing the Zirconia Beads.
The screw cap tubes were placed horizontally on the vortex adapter with tube caps facing
the center and vortexed at maximum speed for 10 minutes to lyse the bacterial cells. The
lysates (which were approximately 200pL per sample) were transferred to RNase free
1,5mL microcentrifuge tubes. 0.2 volumes o f chloroform was added to each sample,
shaken vigorously for 30 seconds, and incubated at room temperature for 10 minutes.
The samples were centrifuged at 14,000rpm for 5 minutes at 4°C. The aqueous phase of
each sample was transferred to sterile RNase free 1.5mL microcentrifixge tubes. 0.5
volumes o f 100% Ethanol was added to the sample aqueous phase and mixed thoroughly.
Filter cartridges were placed into 2mL collection tubes and the samples were added into
the filter cartridges. The samples were then centrifuged for 1 minute at 14,000rpm to
allow RNA to bind to the filter cartridge. The flow-through was discarded and the
samples were washed twice by adding 500pL Wash Solution 2/3 to the center o f the
cartridge. The samples were centrifuged for 1 minute at 14,000rpm and the flow through
was once again discarded after each wash. The filter cartridges were centrifuged for 1
minute to remove excess wash solution and then transferred to sterile 2mL collection
tubes. The total RNA was eluted by applying 30pL Elution Solution (preheated in a dry
bath 100°C) to the center o f the filter cartridges. The samples were centrifuged for 1
minute at 14,000rpm and the elution step was repeated by adding an additional 30pL
Elution Solution (to maximize RNA yield). lOpL aliquots were to be used for
subsequent Reverse Transcription PCR (RTPCR) for the synthesis o f cDNA. The
remainder was stored in a -80°C freezer.

VIII.

Reverse Transcription cDNA Synthesis using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Part No. 4368814)
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The RNA extracts from ZnCl2 treated Syn. sp. IU 625 cells and control cells were
used to synthesize cDNA to study the expression levels o f plasmid and zinc resistance
genes. 2pL 10X RT Buffer, 0.8pL 25X dNTP Mix (lOOmM), 2pL 10X RT Random
Primers, l.OpL MultiScribeTMReverse Transcriptase, 4.2pLNuclease-free H20 , and
lOpL RNA sample were all mixed within a 0.2mL RNase-free PCR tube for a total
reaction volume o f 20pL. The samples were briefly centrifuged to eliminate air bubbles
and were placed into the Veriti™ 96-Well thermal cycler. The High-Capacity cDNA
Reverse Transcription kit used the following conditions: 25°C for 10 minutes, 37°C for
120 minutes, 85°C for 5 seconds. The samples were allowed to cool down to 4°C before
removing them from the thermal cycler and placing them into a -20°C freezer. The 37°C
for 120 minutes was set up as two steps for 1 hour due to the thermal cycler time
limitation o f 99 minutes.

IX.

Primer Design fo r Real-Time Quantitative Polymerase Chain Reaction

Two primers designed for the elucidation o f ZiaA (from the acquired sequence
and Reverse Transcriptase PCR cDNA products) were used in Real-Time Quantitative
Polymerase Chain Reaction (QPCR). The ZiaA Forward Primer was ZiaAF —>5ACGCCTGCTGCTTCGACAAA-3' and the ZiaA Reverse Primer was -> 5'TCGAACCCGGAACCTATGCTGATT -3'. A list o f all the primers used in the QPCR
protocol may be found within Table B.
Table B. Primer Design for QPCR
Nucleotide Sequence
Prim ers
ZiaAF
^
5'-ACGCCTGCTGCTTCGACAAA-3'
ZiaA
Z ia A R ^ -T C G A A C C C G G A A C C T A T G C T G A T T ^ -

Source

Accession No.

Amplicon

S. elon gatu s PCC
7 942
C hrom osom e 1 o f
S. elon gatu s

YP 399235.1

1017 bp

a

a

a
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X.

Real-Time Quantitative Polymerase Chain Reaction (QPCR)

The Reverse Transcriptase PCR cDNA products were subjected to QPCR to
possibly determine the expression levels o f Putative Zinc-binding Oxido-reductase P-type
ATPase (ZiaA) genes through a short-term study. lOpL o f Brilliant SYBR Green QPCR
MasterMix (Stratagene, Cat. No. 600548), lp L forward primer, lp L reverse primer, and
8pL cDNA was mixed within a QPCR 96-well plate per sample for a total o f 20pL. The
reaction plates were placed within a pre-warmed Applied Biosystems QPCR thermal
cycler (Stratagene, Cat. No. 401405). The specific parameters o f the reaction run was as
follows: 95°C for 5 minutes initial denaturation, 95°C for 30 seconds o f 42 cycles
denaturation, 56°C for 1 minute primer annealing, and 72°C for 1 minute extension.
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Results
I.

The effect o f heavy metals Zinc chloride and Cadmium chloride on the growth
o f Svnechococcus sp. IU 625

The growth of Synechococcus sp. IU 625 culture cells was monitored by direct count
and turbidity study as shown in figure 1. Syn. sp. 625 cells showed a marked increase in
their optical density reading (750nm) and in their cell count (cells/mL as quantified with
a hemacytometer count) when inoculated with ZnCl2 concentrations 0, 10, and 25 mg/L.
At a ZnCb inoculate concentration o f 50 mg/L (figure ID. - day 4), Synechococcus sp.
IU 625 culture cells showed a level-off plateau with a marked decrease o f cell
concentration and optical density reading at day 15. This result would indicate that

Synechococcus sp. IU 625 culture cell growth is eventually inhibited by a concentration
o f 50 mg/mL ZnCl2.

Synechococcus sp. IU 625 culture cells that were passaged from the initial exposure
to ZnCl2 concentrations (0, 10, 25, 50 mg/L) showed a marked increase in their optical
density reading (750nm) and in their cell counts (cells/mL as quantified with a
hemacytometer count) when inoculated with ZnCl2 concentrations 0, 10, and 25 mg/L
(figure 2). Once again, at a ZnCl2 o f 50 mg/L (figure 2H. - day 4), Synechococcus sp.
IU 625 culture cells showed a steady decrease in cell concentration (cells/mL x 107) and
in optical density reading (750nm). The growth pattern is very similar to the 1st passage.
Further passages need to be carried out in order to isolate and culture zinc tolerant cells.
The resulting growth curves may also hint at a possible Zn

resistance

mechanism that will be explored in later results.

22

Growth curve of S. Ill 625 ZnCI, Control
Growth Curve of S. IU 625
ZnCI210mg/l_

Growth curve of S. IU 625 ZnCM 25 mg/L)

Growth curve of S. IU 625 ZnCI, (50 mg/L)
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Figure 1. Growth Curve of Synechococcus sp. IU 625 cells with ZnC h
concentrations: A. 0 mg/L(Control) B. 10 mg/L C. 25 mg/L D. 50 mg/L
Growth Curve of S. IU 625 ZnCI2 10mg/L 2nd Passage
Growth Curve of 5. Ill 625 ZnCI., Control 2nd Passage
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Growth Curve of S. Ill 625 ZnCI2 25mg/L 2nd Passage

Growth Curve of 5. IU 625 ZnCI. 50mg/L2nd Passage

Figure 2. Growth Curve of 2nd Passage Synechococcus sp. IU 625 cells with ZnCl2
concentrations: E. 0 mg/L (Control) F. 10 mg/L G. 25 mg/L H. 50 mg/L
The growth o f Synechococcus sp. IU 625 culture cells was monitored by direct
count and turbidity study as shown in figure 3. Syn. sp. 625 cells showed a marked
increase in their optical density reading (750nm) and in their cell count (cells/mL as
quantified with a hemacytometer count) when inoculated with CdCl2 concentrations 0, 5,
and 15 mg/L. At a CdCl2 inoculate concentration o f 30 mg/L (figure 3D ),

Synechococcus sp. IU 625 culture cells showed a slow increase through the lag phase of
cell concentration and optical density reading through 21 days. This result would
indicate that Synechococcus sp. IU 625 culture cell growth is eventually inhibited by a
concentration o f 30 mg/L CdCl2. It is indicated that Cadmium is a more reactive heavy
metal species than Zinc and as such, is more toxic to Syn. sp. IU 625 cells at a lower
concentration (30 mg/L vs. Zinc’s 50 mg/L).

Synechococcus sp. IU 625 culture cells that were passaged from the initial
exposure to CdCl2 concentrations (0, 5, 15, 30 mg/L) showed a marked increase through
13 days in their optical density reading (750 nm) when inoculated with CdCl2
concentrations 0, 15, 20, and 25 mg/L (figure 4). Once again, Synechococcus sp. IU 625
culture cells showed a marked decrease o f optical density with CdCl2 inoculation 30
mg/L (figure 4). This result would indicate that Synechococcus sp. IU 625 culture cell
density is eventually inhibited by a CdCl2 concentration o f 30 mg/L. However, the initial
growth phase o f these cells (as demonstrated with the graph (figure 4)) may suggest that
additional passages must be done to ascertain its true growth - death parameter.
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Growth Curve of CdCI2 (5mg/L)
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Growth Curve CdCl2 (Omg/L)
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Figure 3. Growth Curve of Synechococcus sp. IU 625 cells with CdCh
concentrations: A. 0 mg/L (Control) B. 5 mg/L C. 15 mg/L D. 30 mg/L
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Growth Curve of Svnechococcus so. 1U 625
2nd Passage CdCI2

Figure 4. Growth Curve of 2nd Passage Synechococcus sp. IU 625 cells with CdCl2
concentrations: E. 0 mg/L (Control), 15 mg/L, 20 mg/L, 25 mg/L, 30 mg/L
II.

Uptake representation o f ZnCl? and CdCL during the growth of
Svnechococcus sp. IU 625
The uptake o f a specific heavy metal is a dynamic observation that requires

assessment o f intracellular vs. extracellular heavy metal presence. Zinc stress and
Cadmium stress on Synechococcus sp. IU 625 cells were further observed by the use of
cell vs. media heavy metal analysis.
In this specific procedure, the ZnCl2 treated cells (10, 25, 50 mg/L) were
centrifuged, the supernatant media was saved, and the cell pellets were suspended in
sterile M auro’s Modified Media. The heavy metal content o f the saved supernatant
media and the resuspended cells was analyzed by Inductively Coupled Plasma
Spectrometer. This was a long term observation (17 days). The resulting data portrays
that at low concentrations o f zinc 10 mg/L, 100 % o f zinc chloride remains outside o f the
cells. It may be that at low concentrations, zinc isn’t able to be transported into the cells
due to the amount o f zinc already inherent intracellularly. The low concentration
gradient o f extracellular zinc may not be readily uptaken since zinc is a naturally used
essential heavy metal at low concentrations (zinc-finger motifs proteins, DNA binding
proteins, etc.). This observation may be supported with the observance o f the higher zinc
chloride concentrations 25 and 50 mg/L. Another possibility is that a zinc responsive
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transporter only gets activated at high levels o f zinc and so, the zinc chloride remains in
the media at low concentrations (10 mg/L) (figure 5A). At the higher zinc chloride
concentration o f 25 mg/L, the percentage o f zinc chloride intracellularly and
extracellularly is close to 50 % by day 3 and remains relatively uniform by day 17 (figure
5B). At 50 mg/L zinc chloride day three, the amount o f zinc chloride intracellularly is
dramatically present at 75% but eventually levels off to more uniform cell vs. media
dynamics (figure 5C). This last observation would indicate that 50 mg/L zinc chloride
concentration may overwhelm the cells’ heavy metal tolerance and that Syn. sp. IU 625
cells may activate a zinc export mechanism to cope with the high and potentially toxic
zinc concentrations.
CdCl2 treated cells (5, 15, 30 mg/L) were centrifuged, the supernatant media was
saved, and the cell pellets were suspended in sterile M auro’s Modified Medium as per the
ZnCl2 inoculation protocol. The heavy metal content o f the saved supernatant media and
the resuspended cells was analyzed by Inductively Coupled Plasma Spectrometer. The
resulting data portrays that at a low CdCl2 concentration o f 5 mg/L, approximately 100%
of CdCl2 remained in the media by day 3 and subsequently remained faithful to this trend
through day 17 (figure 6A). Moreover, higher CdCl2 concentrations (15 and 30 mg/L)
were shown to be less permeable to Syn. sp. IU 625 cells as can be exemplified by the
percentages 95, 72, 91% and 78, 62, 90% within the extracellular media after day 3
(figure 6B & 6C). It is interesting that at the highest concentration o f 30 mg/L, more
CdCl2 is able to get into the cells than at the lower concentrations (15 and 5 mg/L).
Cadmium is more toxic than Zinc and subsequently displaces Zinc because o f its more
reactive valence. As such, the greater amounts o f CdCl2 within the cells for 30 mg/L
inoculations may coincide with the lower optical density growth parameters at 30 mg/L
inoculations presented earlier.
The combined data for the long-term zinc chloride and cadmium chloride
exposure studies indicate different sets o f mechanisms for Syn. sp. IU 625 permeability.
The results suggest that zinc chloride is dramatically permeable to Syn. sp. IU 625 cells at
its highest concentration o f 50 mg/L and moderately permeable at 25 mg/L, but remains
impermeable at low concentrations o f 10 mg/L. It may be that a zinc-responsive
transport protein only becomes activated at higher zinc concentrations and helps to
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absorb zinc intracellularly before reducing it into a less toxic form. Cadmium chloride’s
permeability into the cells appears to correlate with the concentration o f cadmium
chloride. At a concentration o f 30 mg/L, more cadmium chloride is absorbed into the
cells by some unknown mechanism than at the lower concentrations o f 15 mg/L and 5
mg/L. Cadmium ions are not very common and are usually found coupled to zinc
complexes (like zinc ores). It may be that the cadmium is attaching to the same
transporters or using the same influx systems that zinc and calcium use to gain entry into
the cells.
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Figure 5. Concentrations of zinc within Synechococcus sp. IU 625 and the growth
media after 17 day exposure to ZnCh. Synechococcus sp. IU 625 cells were collected
at 1, 3, 8, and 17 days after inoculations with 10, 25, and 50 mg/L ZnCl2 and the amount
of zinc intracellularly and in the media was derived using the Inductively Coupled
Plasma Technique. (A-C) Cells vs. Media plots for the concentrations o f ZnCU (D) Data
table representation o f the graphs and percentage o f ZnCh in and out o f Synechococcus
sp. IU 625 cells.

Figure 6. Concentrations of cadmium within Synechococcus sp. IU 625 and the
growth media after 17 day exposure to CdCh. Synechococcus sp. IU 625 cells were
collected at 1, 3, 8, and 17 days after inoculations with 5, 15, and 30 mg/L CdCb and the
amount o f cadmium intracellularly and in the media was derived using the Inductively
Coupled Plasma Technique. (A-C) Cells vs. Media plots for the concentrations o f CdCh.
(D) Data table representation o f the graphs and percentage o f CdCh in and out o f
Synechococcus sp. IU 625 cells.
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III.

The morphological study o f Svnechococcus sp. IU 625 exposed to varying
ZnCl? concentrations

Synechococcus sp. IU 625 cells were shown to develop alterations within their cell
morphology when treated with different concentrations o f zinc chloride (figure 7). Cells
inoculated with 40mg/L ZnCh were shown to represent this phenomenon at 5 days post
inoculation (figure 7). Conjointly, Syn. sp. IU 625 cells not inoculated with heavy metal
portrayed a normal bacilli shape and normal fluorescent chromosomal DNA at 5 days.
The presence of DNA damage and possible cytoskeletal change is also obvious in
sporadic cells treated with 30mg/L and 40mg/L ZnCl2 (figure 7).

ZnCh 30 mg/L - Day 5 (DIC)

ZnCh 30 mg/L - Day 5 (DAPI)

30

ZnCl2 40 mg/L - Day 5 (DIC)

ZnCl2 40 mg/L - Day 5 (DAPI)

Figure 7. Differential Interference Contrast Phase Microscope and DAPI DNA
fluorescent portrait of Synechococcus sp. IU 625 morphology exposed to varying
ZnCl2 concentrations: 0 mg/L, 30 mg/L, and 40 mg/L at day 5

IV.

The Determination o f Exopolvsaccharide Production: Rao and Pattabiraman
Method
The Rao and Pattabiraman Method (Rao & Pattabiraman 1989) is a modification

of the Phenol-Sulfuric Acid Method (Du Bois et al., 1956) performed to reduce the
assay’s variability to different sugars and to increase its overall sensitivity. Specifically,
the phenol was added after the suspected exopolysaccharides have been converted to
furfurals (post sulfuric acid interaction) and the heat o f reaction had been lowered. This
process prevented the phenol from undergoing sulfonation (Rao and Pattabiraman 1989,
1990; Taylor 1994).
The resulting optical density (480 nm) vs. days plots were quantified for days 1,
3, 7, 8, 10, 12, 13, 15, 16 (depending on the heavy metals used). These graph plots were
derived from the Rao & Pattabiraman colorimetric method performed on the different
heavy metals inoculates and concentrations within Synechococcus sp. IU 625 cell
cultures. The heavy metal concentrations were: ZnCl2 (0 mg/L, 10 mg/L, 25 mg/L, 50
mg/L), CdCl2 (0 mg/L, 5 mg/L, 15 mg/L, 30 mg/L), HgCl2 (0 mg/L, 0.1 mg/L, 0.5 mg/L,
1 mg/L), and CuCl2 (0 mg/L, 5 mg/L, 10 mg/L, 15 mg/L). A negative control (which
only possessed the assay’s reagents) was performed alongside the samples and was later
subtracted from each o f the sample’s optical density values to account for background.
A glucose standard curve was derived from glucose standard reagent (100
nmol/pL) (BioVision Glucose Assay Kit) at 480 nm:
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1fiL ( Glucose Standard)

*

lOOnmol
IgL

*

lmol
lx l0 9nmol

*

1 .8 x 1 0 V

r

lmol

Where lOOnmol/lpL = Glucose Standard Concentration and 1.8xl0V g/lm ol = Glucose
Molecular Weight.
Exopolysaccharide equivalents were derived from the glucose standard through
glucose equivalents as per Watcharamusik et al., 2008. The standard curve equation y =
0.027x - 0.036 was used to ascertain the given values represented in figure 8E.
The given results o f the assay appear to portray a different set o f dynamics for
each respective heavy metal.

Synechococcus sp. IU 625 cells inoculated with zinc chloride concentrations 0,
10, 25 and 50 mg/L all show a dramatic reduction o f exopolysaccharide presence in the
first three days post-inoculation (figure 8A). All exopolysaccharide amounts, except 0
mg/L zinc chloride inoculates, rise after this lag phase. It is unclear why the 0 mg/L zinc
chloride control does not produce more exopolysaccharide after 3 days, but it may be that
some unknown extrinsic or intrinsic factor affects their production.

Synechococcus sp. IU 625 cells inoculated with cadmium chloride concentrations
0, 5, and 15 mg/L all show an initial local minimum low in the lag phase before rising by
day 3 (figure 8B). It appears that the amount o f exopolysaccharides produces is
inversely related to the concentration o f CdCl2 present with Syn. sp. IU 625. The highest
concentration o f CdCl2 (30 mg/L) produces the lowest amount o f exopolysaccharide
values. This coincides with the inhibition o f Syn. sp. IU 625 cells inoculated with 30
mg/L CdCl2 as represented in their growth curve.

Synechococcus sp. IU 625 cells inoculated with mercuric chloride concentrations
0, 0.1, 0.5, and 1 mg/L all show a positive linear relationship to the days that the cells are
exposed to mercuric chloride (figure 8C). All exopolysaccharide optical density curves,
except 0.1 mg/L HgCl2 inoculate, portray an initial local minimum during their lag phase
before rising in the log phase by day 3.

Synechococcus sp. IU 625 cells inoculated with cupric chloride concentrations 0,
10, and 15 mg/L all show a positive linear exopolysaccharide increase after 3 days
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(figure 8D). Cupric chloride at 10 mg/L concentration shows an initial local minimum
during its lag phase before rising.
The production o f exopolysaccharides within Synechococcus sp. IU 625 cells in
regards to each of these heavy metals remains enigmatic. The amount o f
exopolysaccharides produced appeared dependent on the type and concentration o f a
specific heavy metal. Future studies on the structure and production o f these
macromolecules (specific for Synechococcus sp. IU 625) must be better elucidated.
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Figure 8. Exopolysaccharide Equivalents density plots of Synechococcus sp. IU 625
cells inoculated with heavy metals ZnCh, CdCh, HgCb, CuCh (A, B, C, D
respectively).
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Glucose Standard Curve

Table C. Glucose Standard Curve (O.D. 480nm)
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Figure 8E. Synechococcus sp. IU 625 Exopolysaccharide equivalents derived from
glucose standard equivalent for Zinc Chloride, Cadmium Chloride, Mercuric Chloride,
and Cupric Chloride Concentrations
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V.

The Determination o f Exopolvsaccharide Production: Glucose Colorimetric
Assay
Glucose (C6H i20 6) is one o f the essential biochemical molecules that can be used

to generate ATP molecules. It is found in a wide variety o f intracellular pathways and
extracellular components. In higher organisms, glucose levels can be used to elucidate a
possible disorder or disease state. Within microorganisms, glucose can serve its primary
function (reservoir o f energy) or secondary and indirect functions (as part o f large
protein-lipid complexes). It is a product in photosynthesis produced by plants, algae, and
cyanobacteria. Glucose and its acidic derivatives (gluconic acid, glucuronic acid, etc.)
are also commonly found within the polysaccharide structures o f most exopolymers.
The resulting exopolysaccharide equivalents (derived from optical density 570nm
vs. glucose standards {nmol/well}) were plotted against days o f Synechococcus sp. IU
625 growth in varying heavy metal concentrations. The heavy metal concentrations
were: ZnCl2 (0 mg/L, 10 mg/L, 25 mg/L, 50 mg/L), CdCl2 (0 mg/L, 5 mg/L, 15 mg/L, 30
mg/L), HgCl2 (0 mg/L, 0.1 mg/L, 0.5 mg/L, 1 mg/L), and CuCl2 (0 mg/L, 5 mg/L, 10
mg/L, 15 mg/L). ZnCl2 inoculate days used were 1, 8, and 15; CuCl2 inoculate days used
were 1, 8, and 16; and CdCl2 & HgCl2 inoculate days used were 1, 7, and 13,
respectively. A negative control only possessing the assay’s reagents was prepared,
quantified, and subtracted from each o f the sample optical density values to account for
background error.
A glucose standard curve was prepared as per the Glucose Assay specifications
(BioVision Mountain View, CA).
The linear trend equation y = 0 .123x + 0.022 was used to derive
exopolysaccharide equivalents as per Rao & Pattabiraman 1989 and Watcharamusik et
al., 2008.
The sample exopolysaccharide equivalents were also used to ascertain the relative
glucose concentration using the assay formula c = Sa/Sv (mM)
Where Sa is the sample amount (nmol) derived from the standard curve
Sv is the sample volume (15pL) added per well
The sample volume, 15pL, was found to yield the highest sample readings from a range
o f lp L - 50pL during a preliminary assay run and was thus used for the sample run.
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Synechococcus sp. IU 625 cells inoculated with ZnCl2 concentrations 10 and 25
mg/mL demonstrated a relative increase and leveling off o f their production of
exopolysaccharides when compared to Syn. cells inoculated with 50 mg/mL. It is
possible that some multivariate extrinsic or intrinsic factor is causing Synechococcus sp.
IU 625 cells inoculated with 50 mg/mL ZnCl2 to produce very low amounts o f
exopolysaccharides. The amount of exopolysaccharides produced in these cells mirrors
the growth curve of Synechococcus sp. IU 625 vs. 50 mg/mL ZnCl2.

Synechococcus sp. IU 625 cells inoculated with CdCl2 concentrations 5, 15, and
30 mg/mL all demonstrated a higher amount o f exopolysaccharide equivalents by day
one when compared to the control 0 mg/mL, but maintained their relative amount of
exopolysaccharide by day 13. The control demonstrated a linear increase to day 13, but
started at a lower equivalent level than Syn. cells inoculated with cadmium. These
graphical dynamics demonstrate it is possible that Synechococcus sp. IU 625 cells
produce larger initial amounts o f exopolysaccharides as a reaction to the cadmium levels
before decreasing production.

Synechococcus sp. IU 625 cells inoculated with HgCl2 concentrations 0.1, 0.5, and
1 mg/mL all show an inversely related amount o f exopolysaccharide equivalents when
compared to increasing HgCl2 concentrations. These results are quite similar to
exopolysaccharide equivalents derived from the Rao and Pattabiraman colorimetric
assay.

Synechococcus sp. IU 625 cells inoculated with CuCl2 concentrations 5, 10, and
15 mg/mL demonstrated opposite spectrum equivalents production. 15 mg/mL CuCl2
inoculated cells showed the largest production o f exopolysaccharides on day one, but
essentially decreased in their production o f exopolysaccharides afterwards. Syn. cells
inoculated with 5 and 10 mg/mL CuCl2 showed lower levels o f exopolysaccharide
equivalents initially, but increased or remained fairly constant through 16 days.
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Figure 9. 96-Well Plate Representation of Glucose Colorimetric Assay

CdCl, ExopotysaccharideEquivalents

ZnCl2EiopolysaccharideEquivalents
0.7

Figure 10. Exopolysaccharide Equivalents plot Graphs of Synechococcus sp. IU 625
cells inoculated with heavy metals CdCh, ZnCh HgCb, CuCb (A, B, C, D
respectively).
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Glucose Standard Curve Trend
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Figure 10E. Synechococcus sp. IU 625 Exopolysaccharide equivalents derived from
glucose standard equivalent for Cadmium Chloride, Zinc Chloride, Mercuric Chloride,
and Cupric Chloride Concentrations.
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VI.

Detection and Isolation o f Large Plasmids in Svnechococcus sp. IU 625
Extrachromosomal DNA that was found to be approximately 35 x 106 Da was

isolated from Synechococcus sp. IU 625 in 1978 (Simon 1978). The presence o f
plasmids is oftentimes one that denotes some conferred resistance to some element or
chemical. The observation o f zinc resistance mechanisms through the presence o f an
efflux protein gene within a proposed plasmid is one avenue o f study that must be
correlated. Zinc chloride treated Syn. sp. IU 625 cells were grown and collected at an
optical density o f 1, lysed, treated for DNA plasmid isolation, and viewed using Agarose
gel Electrophoresis Figure 11. The results indicated the presence o f bands at
approximate size 12kb at all concentrations o f zinc chloride treated Synechococcus cells
and thus implied large molecular weight plasmids. The relative concentrations o f
plasmid bands for the gel were all relatively constant and differed from Synechococcus
cells treated with mercuric chloride in past studies (data not shown).

H i-L o
Marker

[Zn2+]
(m g/L )
10 25 50

~ 12Kb

F igure 11. Detection o f large
molecular weight plasmid via QIAprep
M iniprep Plasmid Isolation. Isolated
Plasmid D NA was viewed on a 1%
Agarose gel.
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VII

Molecular Priming between plasmids o f Svnechococcus elongatus 7942,
Svnechococcus elongatus 6301. and Svnechococcus sp. IU 625
The two Syn. sp. IU 625 plasmids isolated by Simon 1978 (37 x 106 Daltons and

4.7 x 106 Daltons) may or may not possess relationships to plasmids found in

Synechococcus elongatus 7942 and Synechococcus elongatus 6301. An objective o f this
study was to provide some level o f preliminary relationship between plasmids of

Synechococcus sp. IU 625, Synechococcus elongatus PCC 7942, and Synechococcus
elongatus PCC 6301 by priming for a zinc binding Oxidoreductase gene (ZiaA) and a
zinc responsive repressor gene (ZiaR). Moreover, the presence o f ZiaA and ZiaR within
different strains o f Synechococcus may lead to the observation that such zinc responsive
genes are involved in a ubiquitous resistance mechanism involving Zn2+. The primers
designed to detect the ZiaA gene of Syn. PCC 7942 and the ZiaR gene o f Syn. PCC 6301
showed positive priming in plasmid DNA extracts from Syn. sp. IU 625 cells treated with
50mg/L ZnCl2 Figures 12 & 13. PCR products o f approximate size, 600bp (ZiaA) and
300-400bp (ZiaR), were visualized. Sequence Analysis o f ZiaA and ZiaR using the
Basic Local Alignment Search Tool (BLAST) from the National Center for
Biotechnology Information (NCBI) showed that PCC 7942 ZiaA sequence was 99%
identical to PCC 6301 and that PCC 6301 ZiaR was 100% identical to Syn. sp. IU 625
smtA & smtB, PCC 7942 smtA & smtB, and different bacterial metallothioneins.
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Z iaA Plasm id PCR Products
H i-Lo
Marker

1st Psg- 50m g/L
Z1 Z 2 Z3

600bp

Putative zinc-binding oxidorcductasc [Synechococcus elongates PCC 7942]
Gene Complement: 217948 - 218964 Ocnbank Locus: CP000100.1 1017 base pairs

g

TAACTTCCCTGACCTTAACAACGCTGCTTGAAGCTGATGACAAGTCGGTACAAAATTT
AGCGCAAGCCAAAGCAAACCCAGAGAAATTCTGAAGCTGTGCGGTTGAAATTTAGG
TAGATTTACGCGGTTAGATCAATCACAATCTTGCCCGCTCCCTGCTGTCTTTCTAGGAA
CTGATGAGCCTGGCTGATCTCGGAGATTGGTAA.AACTTGACCAATGTGAATATGCAGC
TGCTCTTGATCAAACCAGCGACTTGCCGTTGTCAAAATTTGGGTTTGATGCTGACGGG
CTTCTGTCACGCGCTGGAGTTGGGGCGTCAACATCAGCTCCAGACTGATGCGGAGAT
TGCGATCGCGGGCG ACTTT CCAGTTTGTGGCGGCATCTGGAGCCAG AATTGTGACC A
GATCGCCATAGAGACGGACGGCAGGAAAGGTTTGCTCTAGCACCGCTCCACCCACGG
TATCGAAGGCCAAATCCACGCCTTTGCCATCGGTCCAGTCGAGCACAGCGGCGACCC
AATCCCGATCGCGGTAGGGAATCACAAAATCCGCGCCGTAGTGTTCCGCGATCGCCG
CTTTTTCTGGAGTACTGACCGTGGTTGCCACCCGTGCCCCGCGCAATTTGGCTAACTG
GATTGCCAAGTGCCCCACCCCGv
TGCGCCGC
TTGTAGGCGACCGCGATCGTAGAGGGCTTCCCAAGCTGTGATTAGGGCCAGTGGCAC
GCCTGCTGCTTCGACAAAACTCAACCGCTCGGGCTTGGGTGCTAGCCAGGCCTGATC
GACAACGGCGTAATCAGCATAGGTTCCGGGTTCGAGCCCTAAGCCGCCATGGCAAAA
GTAGACTGCATCCCCCACCGCAAAACGATCGACGGCACTGCCAACGGCTGCCACCCA
GCCTGCCCCATCACAGCCGAGAATGGCGGGTCGGCGATCGGGGTC.AAAACTGCCGC
GCTGCCGGAGTTTTGTGTCGATTGGATTCAGTCCTGCCGCCTGCAACTGCACCAACA
CCTCGCTGGGATGCGCGATCGCGGGCCAAGGCAGGGATTGGAGCTGCAATTGCTCGG
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Figure 12. Priming for putative zinc-binding Oxidoreductase (ZiaA) gene of Syn. elongatus PCC 7942
plasmid 1 with isolated plasmid DNA from Syn. sp. IU 625 cells. A. PCR analysis shows positive
priming o f isolated plasmid DNA with ZiaA primers (Z l, Z2, Z3 represent Forward Primer 1-Reverse
Primer 1, Forward Primer 2-Reverse Prim er 2, Forward Primer 3-Reverse Primer 2, respectively). B. Syn.
elongatus 7942 Sequence o f putative zinc-binding Oxidoreductase (ZiaA) [green] with primers
[multicolored]. C. BLAST search result for ZiaA sequence.
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Figure 13. Priming for Zinc-Responsive Repressor (ZiaR) gene of Syn. elongatus PCC 6301 genome
with isolated plasmid DNA from Syn. sp. IU 625 cells. A. PCR analysis shows positive priming of
isolated plasmid DNA with ZiaR primers (R l, R2, R3 represent Forward Primer 1-Reverse Primer 1,
Forward Primer 2-Reverse Primer 2, Forward Primer 3-Reverse Primer 2, respectively). B. Syn. elongatus
6301 Sequence o f Zinc-Responsive Repressor (ZiaR) [green] with primers [multicolored]. C. BLAST
search result for ZiaR sequence.
V ili

Possible Chromosomal zinc resistance through putative Zinc-binding
Oxidoreductase (Zia A)

It is possible that zinc resistance determinants exist through chromosomal origins
within many bacteria. DNA extraction PCR products (Figure 14A) were imaged using
the aforementioned Zia A and ZiaR primers derived from Syn. PCC 7942 and Syn. PCC
6301, respectively. The resulting Synechococcus sp. IU 625 ZiaA sequence (derived
from purified Synechococcus sp. IU 625 DNA PCR products (Figure 14A)) showed 97%
homology to PCC 7942 and 96% homology to PCC 6301 when analyzed through NCBI
BLAST (Figure 14B). The Synechococcus sp. IU 625 ZiaR sequence showed 95%
homology to PCC 6301 genome, PCC 7942 smtA and smtB genes, and Synechococcus

sp. IU 625 smtA and smtB genes when analyzed through NCBI BLAST (Figure 14C).
This observation suggests that ZiaR, as found within the genetic data source, is a
metallothionein (mt) type protein. Moreover, ZiaR within Syn. PCC 6301 is immediately
flanked by SmtA metallothionein and is approximately 1, 094,679 base pairs from the
putative zinc binding Oxidoreductase gene. This observation (along with the homology
to the various smt genes o f Synechococcus species) would indicate that ZiaR, within PCC
6301, is in fact homologous to SmtB (the repressor regulator o f SmtA). However, past
studies on Synechocystis PCC 6803 and Synechococcus PCC 7942 have shown that ZiaR
and SmtB possess different functions (albeit similar homologies to each other) (Thelwell

et al., 1998; Gaballa and Helmann 1998).
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Figure 14. Determination of sequence for Putative Zinc-Binding Oxidoreductase (ZiaA) and ZincResponsive Repressor (ZiaR) using purified gnom ic DNA from Syn. sp. IU 625 cells. A. PCR analysis
shows positive priming o f diluted extracted DNA with ZiaA primers (Z l, Z2, Z3 represent Forward Primer
1-Reverse Prim er 1, Forward Primer 2-Reverse Primer 2, Forward Primer 3-Reverse Primer 2,
respectively). B. Syn. sp. IU 625 ZiaA sequence and BLAST search result C. Syn. sp. IU 625 ZiaR
sequence and BLAST search result

IX.

Determination o f Short-Term expression Levels o f heavy metal zinc
resistance gene ZiaA in Svnechococcus sp. IU 625
Liu et al. (2003) showed that there exist two genes, bmtA and bxal, within

Oscillatoria brevis that are homologous to Synechococcus PCC 7942 SmtA and
Synechocystis PCC 6803 CPx-ATPase (ZiaA), respectively. Moreover, it was shown
2_ |_

through an expression study that additional amounts (greater than basal levels) o f Zn
and Cd2+ enhanced expressed levels o f bmtA and bxal. This was evident even at lethal
concentrations o f heavy metals within the Oscillatoria cells. Finally, the expression of

bxal induced by Zn2+ and Cd2+ was found to be more rapid than bmtA indicating different
pathway dynamics. Since it is documented that Synechococcus sp. IU 625 possesses
metallothionein, then a ZiaA-like protein may also be present. In fact, Syn. sp. IU 625
target sequence homology to Syn. PCC 7942 and Syn. PCC 6301 zinc binding oxido
reductase is 97% and 96%, respectively.
Expression levels o f ZiaA-like genes were determined by control and zinc treated
samples at 0, 0.5, 1, 2, 4, 8, 24, 48, and 72 hours post inoculations. The designed real
time PCR primers were tested with cDNA to ensure that accuracy o f priming was
achieved. The traditional PCR results showed that positive priming for cDNA occurred
(figure 15A).
A real-time PCR reaction was performed to determine the levels o f expression for
the ZiaA-like gene. Based upon the results, it was shown that Synechococcus sp. IU 625
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ZiaA-like genes were expressed as a function o f time and zinc exposure concentrations
(Figure 15B).
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Figure 15. Determination of Short-Term expression Levels of heavy metal zinc resistance gene ZiaA
in Synechococcus sp. IU 625_A. Agarose Gel analysis shows positive priming of cDNA PCR products
with ZiaA Real Time primers, SmtA Real Time primers, and ZiaR Real Time primers (diluted labeled). B.
Quantitative Real Time Polymerase Chain Reaction expression o f ZiaA-like genes as fonction of Zn2+
exposure and time.
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Discussion and Conclusion

As the human population density steadily increases the availability o f natural
resources and natural ecosystems decrease. Inevitably, this course o f action will lead to
an increase o f introduced chemicals, agents, and toxins not thusly found in nature. The
data is being gathered within many different disciplines o f science. Many scientific fields
have agreed in general census on the decline o f many natural systems. However, there
are present opportunities for stopping many o f these processes by taking advantage of
natural examples. Microbes, like Synechococcus sp. IU 625, have showcased many
possible avenues o f treating introduced agents or toxins into the ecosystem by the use of
their ancient defensive mechanisms. One example is the process o f bioremediation.
Certain microbes can remove toxins by nullification, sequestration, or uptake from the
immediate environment as a means to protect their own generative processes.
Within this study, we concluded that Synechococcus sp. IU 625 become more
tolerant to the presence of heavy metals zinc and cadmium when passaged with the same
concentrations o f these heavy metals (zinc chloride —10, 25, 50mg/L and cadmium
chloride - 5, 15, 30mg/L). The immediate rise during the lag period o f growth with
exposure to these heavy metals indicates that there exist some mechanisms for certain
resistance and tolerance to exposure. However, further passages with the given heavy
metal concentrations must be performed in order to isolate a resistant strain o f

Synechococcus sp. IU 625. Synechococcus sp. IU 625 cells were found to possess
morphological metamorphosis under the influence o f heavy metal Zn2+ at high
concentrations 30mg/L and 40mg/L. Some o f the high Zn2 concentrations 30mg/L and
40mg/L treated Syn sp. IU 625’s DNA integrity was shown to be damaged.
Exopolysaccharide production was shown to be specific to the given heavy metal
and heavy metal concentration. However, the Rao and Pattabiraman Assay concluded
that control group (Omg/L) o f exopolysaccharide production were also different in each
set o f experiment. This may imply that exopolysaccharide production is a mechanism
dependant on some other factor not yet known. Many more trials using the Rao and
Pattabiraman Assay must be performed, and perhaps without an introduction o f toxins. It
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is possible that exopolysaccharides production by many microorganisms is sensitive to
many extrinsic factors found within their immediate environment.

Synechococcus sp. IU 625 molecular comparison of putative zinc-binding
oxidoreductase (ZiaA) - like gene and zinc responsive repressor (ZiaR) - like gene to
plasmid 1 of Synechococcus elongatus PCC 7942and genome o f Synechococcus

elongatus PCC 6301 revealed a high degree o f sequence similarity. This data may
suggest that such genes code for proteins ubiquitously found as mechanisms for heavy
metal resistance among many cyanobacteria. The ZiaR - like gene (derived from

Synechococcus elongatus PCC 6301) portrayed 100% homology to many different
microorganisms aside from cyanobacteria Synechococcus elongatus PCC 7942 and

Synechococcus sp. IU 625. The homology was found to be related to metallothionein
smtA and smtB regions. However, the literature states that ZiaR is the repressor
regulator o f ZiaA. It is unknown what differences lends ZiaR to instigate an efflux pump
as oppose to SmtB regulating SmtA to sequester metals intracellularly.
The quantitative expression o f ZiaA-like genes within zinc treated cells was
shown to be present at greater amounts than non zinc treated cells from 0 - 2 4 hours post
inoculations. This suggests that a ZiaA-like gene was activated and expressed as a
possible means o f resistance.

Future Studies

This study has opened up many paths for future research concerning

Synechococcus sp. IU 625 and its heavy metal resistance mechanisms. One experiment
could entail the observation o f the quantitative expression o f genes ZiaA and smtA within
ZnCb treated and CdCl2 treated Synechococcus sp. IU 625 cells. Liu et al. (2003)
compared the expression levels of B xal gene (homologous to CPx-ATPase ZiaA) and
BmtA (homologous to metallothioneins) within Oscillatoria brevis when treated with
Zn2+ and Cd2+. The effects resembled an immediate specific response vs. long-term
response within the samples. Another study could search for the specific genes found
upstream of putative zinc-binding oxidoreductase (ZiaA). There are a total o f fifteen
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hypothetical proteins upstream o f ZiaA within plasmid 1 o f Synechococcus elongatus
PCC 7942. It is possible that one o f these proteins may be the repressor o f ZiaA.
Repeats o f the exopolysaccharide production Rao & Pattabiraman assay and
Glucose Colorimetric assay must also be performed using different extrinsic factors as a
means o f sample variance. Such future research may eventually lead to a better
understanding o f how cyanobacteria and eubacteria use their glycocalyx slime layer
(containing exopolysaccharides) to interact with the world around them. The dynamics
o f heavy metal exposure vs. exopolysaccharide production must also be further studied to
better elucidate any possible changes from basal exopolysaccharide levels.
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